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ANALYSIS OF WIND-TUNNEL STABILITY AND CONTROL TESTS IN TERMS
OF FLYING QUALITIES OF FULL-SCALE AIRPLANES

By Gerarp G. KayTex

SUMMARY

The analysis of results of wind-tunnel stability and conirol
tests of powered airplane models in terms of the flying qualities
of full-scale airplanes is advocated. In order to indicate the
topics upon which commenis are considered desirable in the re-
port of @ wind-tunnel stability and control investigation and to
demonstrate the nature of the suggested analysis, the present
NACA flying-qualities requirements are discussed in relation
to wind-tunnel fests. @eneral procedures for the estimation of
flying qualities from wind-funnel fests are outlined.

INTRODUCTION

At the laboratories of the National Advisory Committee
for Aeronautics and af laboratories maintained by various
universities and independent agencies, wind-tunnel tests are
often made to investigate the stability and control character-
istics of particular airplane designs. "Upon these tests are

based, to a large degree, the decisions regarding changes and

improvements necessery in order to make the final product &
satisfactory airplane. Unfortunately, however, the test re-
sults are in most cases not presented in such a manner as to
permit their immediate use in making these decisions; in-
stead, the wind-tunnel data are usually presented in coeffi-
cient form in a voluminous series of curves and tables.

As judged in flight testing or service, the flying qualities
of an airplane are characterized not by dimensionless coeffi-
cients but by forces, velocities, accelerations, angles, and other
measurable quantities which actually define the stability and
control characteristics of an airplane in flight.

Vearious means may be employed for determining from
wind-tunnel test data the particular dimensionsl values
describing the airplane’s flying qualities, but this type of
analysis has not generally been considered the province of
wind-tunnel personnel. It is believed, however, that the
value of wind-tunnel tests would be increased considerably
if an analysis of this nature were included in every stability
and control investigation. Although the analysis would
augment rather than replace the measured data as usually
presented, the greater portion of the wind-tunnel report would
consist of a discussion of the actual flying quelities of the
airplane. The inclusion of such & discussion would eliminate
the confusion often caused by mere presentation of the
test results, facilitate the practical application of tunnel
data, and provide assurance that no flight difficulties will
pass undetected because of failure to put the accumulated

information to its proper use. Moreover, test programs de-
signed for this purpose could be planned more efficiently with
regard to the amount of required testing. Many programs in
the past have been laid out arbitrarily without a complete
understanding of the manner in which the resulting data
should be applied. This lack of understanding has at times
resulted in insufficient data concerning trim conditions and
considerable unnecessary data for untrimmed conditions.

The purpose of this paper is to ouiline a suggested form
of presentation of the results of a stability and eontrol inves-
tigation in terms of flying qualities as defined in reference 1 _
and to systematize and review briefly the analytical work
required for this type of presentation. No effort is made to
specify definite test procedures.

Reference 2 contains a review of tesfing technique for use
with powered wind-tunnel models and a fairly complete dis-
cussion of most of the standard tests necessary for the col-
lection of data used in the suggested analysis. It should
prove useful in the preparation of any stebility and control
test program. Although flight measurements and observa-
tions are made with respect to the airplane body axes, the
use of the “stability’”’ axzes as recommended in reference 2
will probably be satisfactory for the normal range of test
conditions, and these axes are used throughout the present
paper.

It is assumed that all necessary tunnel corrections will be
made before any analysis is attempted and that the measured
data will be sufficiently accurate for use in predicting flight
characteristics with reasonable precision.

The NACA requirements for satisfactory flying qualities,
as explained in detail in reference 1, are used as a basis for
the procedure suggested herein and constitute the list of sub-
jects on which it is believed comments should be made in the -
presentation of wind-tunnel data relating to stability and
control. The complete series of tests is not considered essen- -
tial for every airplane; the list of requirements is included in
its entirety for the purpose of pointing out the desired form
of analysis for any phase of stability and control investigated.

It is realized, of course, that the requirements for satis-
factory flying qualities may undergo constant revision with
time, By methods similar to those indicated in the present
paper, however, wind-tunnel tests may be used for the in-
vestigation of eny revisions of the present requirements
or for the investigation of a completely different set of
criterions.
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For purposes of clarity and convemence, each of the present
NACA flight requirements is given in the text, accompanied
by recommendations regarding its relation to tunnel testing.

Unless otherwise specified or implied, the requirements
should be investigated for all conditions of flight, apecial
attention being given the conditions that appear to be the
most critical.

COEFFICIENTS AND SYMBOLS

airplane weight, pounds
area of wing (unless accompanied by subscript ¢, ¢, or r
denoting aileron, elevator, or rudder), square feet
wing span, feet
mean aserodynamic chord (M. A. C.), feet
root-mean-square elevator chord, feet
root-mean-square aileron chord, feet
root-mean-squere rudder chord, feet
tail length (distance from center of gravity to elevator
hinge line}, feet
i, angle of stabilizer setting with respect to thrust line,
degrees, positive when leading edge is up-
§.  saileron deflection, degrees, positive when trailing edge
is down
8, elevator deflection, degrees, positive when trailing edge
is down
8, rudder deflection, degrees, positive when trailing edge
is to left
airplane angle of attack (thrust line), degrees
angle of attack at tail, degrees )
angle of sideslip, degrees, positive when right wing is
forward
angle of yaw, degrees, positive when left wing is
forward (y=—2)
airspeed, feet per second
mass density of air, slugs per cubie foot

» =
~

N_?ln['plo v

dynamic pressure, pounds per square foot (2 pV’)
airplane mass, slugs.(W/g)

8§ o g € WRR

kS

relative-density f?ctor (FSZ)
C.  lift coefficient (I;—ig') -
Cn . pitching-moment coefficient about center of gravity
‘ Pitching moment
gSe
C; rolling-moment coefficient abaut center of gravity
Rolling moment
gSbh .
C. yawing-moment coefficient about center of gravity

Yawing momant)
gSh

Cy lateral-force coefficient (M

p  rolling velocity, radians per second
(), elevator hinge-moment coefficient
Elevator hinge moment
¢
Ch, aileron hinge-moment coefficient
Aileron hinge moment
qc.’be
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Ch, rudder hinge-moment coefficient

Rudderhinge moment
gc,0;

C,, rolling-moment coefficient due to rolling (g—%—)
(&v)
C,, yawing-moment coeflicient due to rolling (m-u—b—j)

F  stick force, pounds

z  linear travel at top of control stick, feet

dCx change in hinge-moment coefficient per degree change
do in angle of attack

L.F. maximum allowable load factor

dO» change in pitching-moment cocfficient per degree chango
in stabilizer setting

« change in elevator hinge-moment coefficient per degree
di:  change in stabilizer setting

g agceleration of gravity, feet per second per second

Aa, change in normal acceleration, g units

t time, seconds

DETERMINATION; OF FLYING QUALITIES

The requirements for satisfactory flying qualities of air-
planes have Dbeen given in reference 1 under tliree main
headings, namely:

I. Requirements for Longitudinal Stability and Contrul
II. Requirements for Lateral Stability and Control

II1. Stalling Characteristics
The present paper follows ihe outline of reference 1 and each
of the flying-quality requirements is quoted directly.

I. Requirements for{Longitudinal Stability and Control.

Requirement |(I-A).—Characteristics of unconfrolled *
Iongitudinal motion,

“When elevator control is deflected and released quickly,
the subsequent variation of normal acceleration and elevator
angle should bave completely disappeared after one cycle.”

The technique of applying wind-tunne] data to flight Las
not yet developed to a state sufficiently advanced for the
quantitative investigation of the short-period oscillation with
controls free, which is the important factor in the eonsidera-
tion of this requirement.

Control-frec stability has been shown in reference 3 and
by recent unpublished investigations not Lo depend as criti-
cally upon the stability characteristics of the airplane as upon
the design of the control system, particularly upon the weight
moment, the aerodynamic balanece, and the friction. These
factors must therefore be considered in any special study of
this requirement. Work is now in progress at the Langley
Laboratory for the purpose of establishing procedures to make
such studies practicable.

Requirement (I-B).—Characteristics of elevator control
in steady flight.

I-B-1. “The variation of elevator angle with speed should
indicate positive static longitudinal stability for the following
conditions of flight:
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a. With engine or engines idling, flaps up or downm,
at all speeds above the stall.

b. With engine or engines dehverm.a power for level
flight with flaps down (as used in landing approach),
landing gear down, at all speeds above the stall.

c. With engine or engines delivering full power with
flaps up at all speeds above 120 percent of the minimum
speed.”

For each of the specified flap and power conditions, data
are assumed to be available in the form of pitching-moment
and hinge-moment coefficients against lift coefficients, as
shown in figure 1. These curves may be obtained either
from constant-power test runs or from cross-plotted constant-
thrust data. In the sbsence of definite idling data for the
engine-propeller combination, the zero-thrust condition is
considered & satisfactory representation of the idling
condition.

The slope of the curve of Uy against (% is a valid measure
of static stability in power-on flight only where (h,=0. The
slope at the trim point might be considered for each of a
number of elevator settings, but a curve of §, against (%, or
airspeed represents a more direct comparison with flight and
is useful in investigating several other requirements. The
curve shown in figure 2(a), which was obtained by cross-
plotting for (=0 on figure 1, possesses a negative slope
indieative of the required stable variation. The curve should
be plotted to the stall in every case; although full-power
stability below 120 percent of the minimum speed is not &n
absolute requirement, it is highly desirable.

A sufficient number of elevator deflections within the trim
range should be tested to provide for 2 dependable curve of
8, against (' or airspeed. Complete test runs with elevator
deflections that will not provide trim in the flight range,
however, are not necessary and need not be made. For
the investigation of elevator effectiveness at high deflections
for landing conditions and maneuvers, tests need be made
only at high lift coefficients.

In addition to the regular elevator runs, one set of measure-
ments should be taken for the investigation of the take-off
requirement, as explained in item (I-E).

The terms “minimum speed’’ and “maximum speed’ as
used in this and subsequent requirements should be inter-
preted as the mmimum and maximum speeds specified by
the designer or estimated for the airplane in free air. (In
each test, the maximum and minimum values referred to are
for the particular flap position and power heing investigated.)
Conditions specified in terms of percentages of minimum or
maximum speed should be represented by using the lift
coefficients corresponding to the appropriate full-scale speeds
at the appropriate altitudes, no attempt being made to use
small-scale tunnel data for the determination of meximum
and minimum speeds. If, however, the lift coefficient for
a condition near minimum speed falls on & nonlinear portion
of the model lift curve, representation of this low-speed con-
dition should not be attempted and a higher-speed condition
should be substituted.

The center-of-gravity position considered as eritical in the
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investigation of static stability should be that specified by
the designer as the most rearward position.

Of considerable value in a study of this sort, particularly
since the final airplane loading conditions are generally not

established at the time of the wind-tunnel tests, is the deter-

mination of the most rearward center-of-gravity position for

peutral stability. The distance, in chord lengths, from this _

neutral point to the center of gravity under consideration is
the so-called static margin. With power off, the static
margin may be considered numerically equal, but opposite
in sign, to the slope of the pitching-moment curve at Cia=0,

and the neutral point may be located by adding this value

to the center of gravity about which the moments are plotted.

This procedure is not correct for constant-power operation
because of the effect upon stability of the different tail loads
associated with trim at different center-of-gravity locations.
The power-on neutral point can be determined by plotting

ac,,
extending the curve to gg—:=0. As demonstrated in refer-

against two or three center-of-gravity positions and

ence 4, this curve will be a straight line, provided thaet the
tail-lift curve is linear.

In order to use wind-tunnel data in this manner, it is not
necessary to recompute the pitching moments for each
horizontal center-of-gravity location. A graphical method
is illustrated with the curves of figure 1, which are fora 0.25¢
center of gravity. It is desired, for example, to find the
neutral point at C.=0.8. From the point at which Cp;=0
and (C,=0, straight lines are drawn radiating outward
and intersecting curves for various elevator angles at
(:.=038. For §,=—6°, the pitching-moment slope is —0.095.
The slope of the radiating line for this point is 0.103.
The slope about a center-of-gravity location of 0.147¢
(0.250—0.108=0.147), then, is equal to —0.095—0.103=—0.198.
For 8,=—3°, the measured slope is —0.104 and the slope
of the radiating line is 0.032, giving a pitching-moment
slope of —0.136 about & 0.218¢ center of gravity. Rep-
etition of the process for 5.=0° and &,=2° supplies the

data for the curve of - against cenfer of gravity shown
RE

in figure 3(a). Xxtended to zero slope, this curve shows
the neutral point to occur at 0.372¢. The procedure should
be repeated for several lift coefficients, permitting the con-
struction of a curve of neutral points plotted against lift
coefficients.

If the pitching-moment curves ere so shaped that the
radiating lines mey be drawn tangent to the curves, the
slope of each radiating line is numerically equal (but opposite
in 31gn) to the static mergin for the lift coefficient at the
point of tangency, and the neutral point is determined mth
no further consideration of different center-of-gravity
locations. TFigures 3(b) and 3(c) illustrate the determina-
tion of neutral points by this method.
represent pitching-moment curves and the solid lines A
and B are the radiating tangent lines.)

(The dashed lines
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F1GURE 1.—Pitching-moment and hinge-moment curves for a typical fighter sirplane, &=0°; idling power; Ty=0.
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idling power.
(b} Variation of elevator stick fores with trim airspeed for a typleal fighter alrplane at sea
Ievel. §=0°; idling power.
FIGTRE 2.—Elevator angles and stick forees for trim.

Both methods involving the radiating lines are based upon
the “rotation’’ method of moment transfers. This method is
subject to some ‘error at very high lift coefficients inasmuch
as it neglects the pitching moment due to drag. As shown
in reference 5, however, the method is sufficiently accurate
for use in. the foregoing analysis.

It is possible to express the graphical method illustrated
in figures 1 and 3(a) in terms of a mathematical formula
involving the slopes of the pitching-moment curves for any
two elevator settings at the specified lift coefficient, the two
pitching-moment coefficients, and the lift coefficient. Thus,
for a given lift coefficient the static margin is found by the
following expression:

o (@),

44 )
dOL A J.‘. dGL B

where On, and Oy, are the measured pltchmg-moment coef-
ficients for the two curves at the given lift coefficient, and

( ) and dC’,. a.re the pitching-moment slopes &t each

point,

Static ma.rgin—- OnB (1)

If equation (1) is applied to the curves of figure 1 for
C.=0.8 and elevator curves of —6° and —3°,

0.083 0.025 025

(—0.104) ———=— (—0.095)
Static margin= 08 0.083 0.025
—0.095—5 2o +0.104+ 52>
=0.123

The neutrsl point, then, is at 0.25040.123=0.373 (or
37.3 percent M. A. C.). This point agrees with the value
found graphicelly in figure 3(a).
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(8) Pltching-moment slope against center-of-gravity location.
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F1aURE 3.—Determination of neutral point.
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When consideration of vertical center-6f-gravity movement
is necessary, as it may be for an airplane on which large
vertical center-of-gravity movement is possible, the procedure
can be repeated for two or three verticel locations and a
locus of neutral points (which theoretically should be a
straight line) can be set up for cach desired lift coefficient.
Reference 4 contains an explanation of this method, as well
as a more complete discussion of the determmatlon of neutral
points from wind-tunnel date.

I-B-2. “The variation of elevator control force with speed
should be such that pull forces are required at all speeds

"below the trim speed and push forces are required at all
speeds above the trim speed for the conditions requiring
static stability in item 1.”

Although this requirement is shown to be met if, for each
of the specified conditions, the elevator-free (C,=0) pitching-
moment curve cross-plotted as shown on figure 1 crosses
the zero ordinate only when it possesses a stable slope, sub-
sequent requirements make it desirable to plot an actual
curve of stick force against trim airspeed. This curve
(fig. 2(b)) is obtained by converting to forces the hinge-
moment coefficients for trim at different lift coefficients
(fig. 1) and should be drawn for different trim-tab, flap, and
power conditions.

The requirement should be studied for the trim-tab set-
tings giving trim at appropriate ranges of speed in each
condition. In the absence of reliable test data for various
tab settings, reasonable estimates may be made from the
tab-neutral date, by proper adjustment of the hinge-moment
curves to simulate the effects of small tab changes. The
shift in the hinge-moment curve may not be constant
throughout the speed range but will depend on the dynamic-
pressure ratio at the tail.

I-B-3. “The magnitude of the elevator control force
should everywhere be sufficient to return the control to its
trim position.”

Figure 2(b) shows a curve of stick force plotted against
trim airspeed, as used in item I-B-2. In the absence of
quanrtitative information concerning friction in. the elevator
control system, & value of 0.05 pound per mile per hour, as
suggested in reference 1, may be used as a minimum value for
the slope near trim of the curve of elevator stick force against
airspeed (fig. 2(b)). For very large airplanes, however,
this amourt may not be sufficient.

I-B—4. “It should be possible to maintain steady flight at
the minimum and maximum speeds required of the airplane.”

Examination of curves of clevator deflection against lift
coefficient (or sirspeed) of thie type shown in figure 2(a)
will supply the desired information. It is assumed that the
tests are made at & Reynolds number sufficiently high that
data near the stall will be fairly relisble. When these data
are not aveailable, the minimum-speed trim cannot be in-
vestigated unless the curves can be extrapolated beyond the
model stall.

Requirement (I-C).—Characteristics of the elevator con-
trol in accelerated flight.

I-C-1. “By-use of the elevator control alone, it should be

possible to develop either the allowable load factor or the

maximum lift coefficient at every speed.”
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Although it may be desirable to check this requirement at
several lift coefficients, an investigation at only onc eritical
Lift coefficient is necessary if the previous static-stability re-
quirements have been met. The initial lift cocflicient to be
studied will be C;,——C; ';—,.“
ered in the accelerated flight studies should be that comre-
sponding to the airplane in its maneuvering condition.

Reference 6 gives a method for estimating the clevator
deflections required for different normal accelerations in a
pull-up maneuver. With a slight variation, the method can
be applied to steady-turn mancuvers. Lt is possible to re-
arrange and simplify the formula of reference 6, expressing it
in a form more suitable for use with wind-tunnel data for a
particular airplane. The required change in clevator deflec-
tion can then be determined gt'aphically from the equation

dCu__

The model arrangement consid-

where A8, is the change in clevator deflection from irim set-
ting at the initial lift cocfficient and ACx is equivalent to the
static pitching-moment coefficient at the final lift coefficient
with the elevator set for trim at the initial lift cocflicient.

Some difference may exist between computations made for
steady turns and for puil-ups because of the difference in the
change in angle of attack at the tail due to the curved path
Ac, In a steady turn tightening from Cp to Cp,,,

Acx.=

57301. OLmax_ CL )
2,“ C’L OLnu

In general, unless the amount of static stability and the rela-
tive density are quite small, the difference between the two
maneuvers will be slight enough to permit coverage of the
various accelerated-maneuver requirements by the considera-
tion of the steady turn alone, and the examples given in the
following paragraph are confined to this maneuver. If it is
desired to investigate the pull-up from C to (i, tho
identical procedure may be used but the change in angle of
attack at the tail will be

Aa;=

57-30[, CLmu_l )
2 L

In both maneuvers, the normal acceleration

3
A= mez
L

and the change in normal acceleration, if a start from level
flight is assumed, will be

Crre
_._@___

In the following steady-turn examples, see-lovel operation is

assumed. It should be remembered, however, that the
altitude must he taken into account in eny actual
investigation.
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F1GURE 4.—Pitching-moment and hinge-moment curves for a typlcal fighter alrplane, 8;=0°;
Sem0®; Tem0.

The determination of the elevator characteristics in
accelerated maneuvers involves the use of pitching-moment
and hinge-moment curves for both stabilizer and elevator
variations, as shown in figures 4 and 1. These curves should
be plotted for a constant thrust coefficient, the value of
which is determined by C; and the rated power for the
maneuvering condition. If the initial lift coefficient investi-
gated is low (as may be expected in the case of pursuit
airplanes if normal values of load factor and (%, are used),

the thrust coefficient may be sufficiently close to zero to
permit the use of idling or zero-thrust data.

As indicated by the equation, the elevator deflection must
supply enough pitching moment to balance the two factors

AC, and Ae, (2—%‘ The amount of defiection necessery to

balance AC, is merely the difference between the elevator
settings for trim in steady flight at C; and at (i .. The
additional deflection is required to overcome the damping
of the horizontal tail. (For a conventional airplane, the
damping effects of the wing, fuselage, and other airplane
components are considered negligible in comparison with
the damping of the horizontal tail.)

The use of equation (2} can best be demonstrated by a
sample solution for & steady-turn maneuver for a 6000-
pound airplene with a tail length of 16.5 feet and a wing
area of 250 square feet. The airplane has a maximum up-
elevator travel of 25° for & 10-inch travel at the top of the
control stick, with an essentially linear variation of §, with =.
Pitching-moment and hinge-moment coefficients for the
maneuvering condition are shown in figures 1 and 4. If a
maximum lift coefficient of 1.5 and an allowable load factor

of 9 are assumed, the lift coefficient investigated is 0;,=1—é§

=0.17. Figure 4 gives —0.028 as the value for d?_C'l.
¥

The relative-density factor
6000 .
F=3293%0.002378 X250 X16.5
=18.99 at sea level

The term c
dC',. 57.3 Lmar OL
—Aa; di‘g 2# CL 0]_‘, _OL’M') 0.028

=57.§7><9%.17 ((1).?9_0.17) 0.028
. A7 1.50

=0.063
The elevator setting for trim at C,=0.17 is 1.8°, as shown by
point A in figure I. The setting for trim at (,=1.5 (point B}
would be —8.6°. Adding & pitching-moment increment
of 0.063 at this point results in point C, which shows the
elevator angle required for the maneuver to be —12.5°. A
total upward deflection of 14.3° from the original trim
position is required; this deflection is within the limit of
available travel.

I-C-2. “The variation of elevator angle with normel

acceleration in steady turning flight at any given speed
should be a smooth curve which everywhere has a stable
slope.”

If all previous criterions are assumed satisfied, this require-
ment will be met if the pitching-moment curves of figure 1
and the variation of Cx with 3, and with i, as determined
by cross-plotting from. figures 1 and 4 are all smooth curves.

If so desired, the method used in item I-C~1 ean be
applied by keeping (%, constant at any value and by using
in place of €% a lift coefficient that gives any particular
value of Aa,. Various normal accelerations can be used and
plotted against the required elevator angles as in figure 5.
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FiGURE 5—Elevator deflection In steady-turn maneuvers.
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I-C-8. “For airplanes intended to have high maneuver-
ability, the slope of the elevator-angle curve should be such
that not less than 4 inches of rearward stick movement is
required to change angle of attack from a (g of 0.2 to Cy,,
in the maneuvering condition of flight.”

The elevator deflection for the steady turn starting from
. Cz=0.2 in straight flight and tightening to O, may be
taken directly from figure 5. The angle can be converted
to stick movement by consideration of the mechanical
linkage, data for which were previously given. Figure §
ghows the deflection to be 14.1°, corresponding to & stack
movement of 5.6 inches.

I-C4. “As measured in steady turning flight, the change

in'mormal scceleration shouldi.be proportional to-the elevator.

control force applied.”

If curves of C) cross-plotted agamst 3, for Cp=0 (as repre-
sented in fig. 1) are smooth, this requirement will be met,
provided that requirement I-C-2 has been satisfactorﬂy
fulfilled.

I-C-s. “The gradient of elevator control force in pounds
per unit normal acceleration, as measured in steady turning
flight, should be within the following limits:

2. For transports, heavy bombers, otc., the grad1enﬁ
should be less than 50 pounds per g.

b. For fighter types, the gradient should be less than
6 pounds per g.

¢. For any airplane, it should require & steady pull
force of not less than 30 pounds to obtain the allowable
load factor.”

Although this item may be mvestlgated for several initial
lift coefficients, theory indicates that the force per unit nor-
mal acceleration is independent of the trim speed, neglecting
compressibility effects. Unless the slope of the pitching-
moment and hmge-moment curves varies appreciably with lift
coefficient, the force in pounds need only be computed for the
elevator deflection required for the development of allowable
load factor (item I-C-1). This force should be less than
6Aa, for pursuit types,less than 50Aq, for heavy bombers and
more than 30 pounds in any case.

The stick force for the maneuver may be computed by the
equation

dc,
F=2 (Ao,. +Ae, ") 2 oV, (3)
where

AC,, difference between C,, for the initial elevator set-
ting at Cy, and C;, for the final elevator setting
at Gy . (item I-C-1)

The operation of the suggested formula can be demon-
strated by an example applied to the airplane investigated
in'item I-C~1. The root-mean-squartchord of the elevator
is 1.4 feet and the elevator span is 13 feet. The difference
between C,, at point A and O,, at point C (fig. 1) measures

dC
0.0286; figure 4 gives —0.0006 as the value for 3{— The
t

computations then proceed as follows:

_2s513
Rx 10/12
=0.524
dOh, 57.3 1.50 0.17
g7 3798017(017 150)(“0'0006)
——0.0013 S ]
1 . TWIS__ 6000
5 PV = =am0.17 1412

F=0.524X(0.0286—0.0013) X 141.2 X (1.4)*X 13

=51.5 pounds

The force gradient, then, is 5 1=-=64 pounds per g,

which is reasonably close 16 the specified limit for pursuit
airplanes, and the force is greater than 30 pounds.

It is possible, through the use of the principle of axis rota-
tion. employed in item I-B-1, to investigate the elevator
deflections and stick forces in accelerated maneuvers for any
center-of-gravity position. If, for example, the steady-turn
maneuver discussed in the previous paragraphs were investi-
gated for a center of gravity located at 21.8 percent of the
mean aerodynamic chord rather than at the 25-percent posi-
tion used in figure 1, the radiating line representing & forward
center-of-gravity movement of 0.032¢ (fig. 1) would be used.
At-C,=0.17, this line shows the elevator setting for trim atl
the new center-of-gravity location to be 1.5°. At Cr=1.5,

the distance C,,=0.063 (the darhping term Aa,%%‘: which

for practical purposes may be considered independent of
center-of-gravity position) is measured from the radiaiing line
rather than from the Cn=0 axis and indicates a final clevator
getting of —16.7°. The hinge-moment cocfficients for
5,=1.5° at Cr=0.17 and for é,—=—16.7° at Cp=1.5 arc now
used instead of points A and C to determine the value of
AG,, to be used in place of 0.0286 in the stick-force equation.

Requirement (I-D)—Characteristics of the elevator con-
trol in landing.

I-D-1. “(Applicable to airplanes with conventional land-
ing gear only.) The elevator control should be sufficiently
powerful to hold the sirplane off the ground until three-point
contact_is made.”

I-D-2. “(Applicable to airplanes with nose-wheel type
landing gearonly.) The elevatorcontrol should be sufficiently
powerful to hold the airplane from actual contact with the
ground until the minimum speed required of the airplane is
attained.”

The elevator effectiveness in the presence of the ground
may actually be investigated by use, for example, of the plato
method described in reference 7 or of the combination half-
ground-board and image model as employed in reference 8.
These procedures, however, should not be necessary for con-
sideration of the landing requirement. Through the use of
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the methods and data of reference 8, the change in angle of
attack at the tail A, can be estimated. The elevator deflec-
tion for the landing can then be found in the same manner as

point C on figure 1 (item I-C-1) by use of Aa,g';% as the

pitching-moment increment. For the case of the landing
requirement, however, the data used will be for the flap-down
idling condition, and the lif coefficient will be either the air-
plene maximum lift coefficient or the lift coefficient corre-
sponding to the angle of attack determined by the three-point
ground angle of the airplane at rest. Extrapolation beyond
the model stall may be necessary for the representation of the
full-scele landing condition.

I-D-3. “It should be possible to execute the landing with
an elevator control force which does not exceed 50 pounds for
wheel-type controls, or 35 pounds where & stick-type control
is used.”
The stick force for landing can be computed from equation
(3) where
AC,, elevator hinge-moment coefficient (with stabilizer
or trim tab set for speed of approach) for elevator
deflection and Iift coefficient (item I-D-1 or
I-D-2) required for landing

A, change in angle of attack of teil computed for
item I-D-1 or I-D-2

The remaining terms have already been defined in

item I-C-5.

Requirement (I-E).—Characteristics of elevator control
in take-off.

“During the take-off run, it should be possible to maintain
the attitude of the airplane by means of the elevators at
any value between the level attitude and that corresponding
to maximum lift after one-half take-off speed has been
reached.”

For an airplane with a conventional landing gear, force
and moment measurements at «=0° should be made for
the take-off condition with the elevator set at the maximum
available positive deflection and the eenter of gravity at its
most rearward position. The power condition represented
should be that corresponding to take-off power 2 one-half
take-off speed. The measurements should, if possible, be
made in the presence of a ground board or some similer
device. In the absence of actual ground representation, an
approximation may be made neglecting the slipstream dis-
placement and the resulting change in elevator effectiveness.
By the same method as that employed in item I-D-1,
Aa, due to the presence of the ground can be estimated.

a’O

The effective pitching-moment coefficient Cy’ 0’,,.+Aa,

where %% is obtained from curves similar to figure 4 but for

the correct power condition. This coefficient can be converted
to an effective pitching moment M’'=Cy'qiSe, where ¢
corresponds to the sea-level dynamic pressure at a speed equal
to one-half the take-off speed. The lift: at this speed is
Ly=q,C.8; it is believed that the ground effect on lift is
sufficiently small that it may be ignored in this problem.
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Pw = W_L1

FIGTRE 6.—Landing-gear center-of-gravity relationship.

Figure 6 presents a sketch showing the information neces-
sary for the study of the criterion. The normal force at the
wheel P, equals W—IL,. The friction force Pp=fP,,
where f is the coefficient of rolling friction, the value of which _
can be obtained from reference 9. The requirement is met
if the term AM’+hP,—iPy does not have a positive value.

If the sample airplane is used as an example, it may be
assumed that: The values of Cn and C are measured as
—0.32 and 0.40, respectively; the dynamic pressure &t one-
half take-off speed is 6.0; reference 8 shows a,=5.6°; curves
similar to figure 4 for the fiaps-neutral, take-off power condi-

dCn

tions give I, =—0.040; h=1.1 feet and {=4.9 feet and
I

reference 9 gives f/=0.03. Then,

Cr'=—0.32+5.6(—0.04)
=—0.54
’=—0.54X6.0X 250X 6.45
=—5225 foot-pounds
L;=6.0X0.40X250
=600 pounds
P,=6000—600
=5400 pounds
Pr=0.03X5400
=162 pounds
M’ L hPa—tPp=—5225+(1.1X5400) — (4.9X 162)
=—5225-45940—794
=—79 foot-pounds

The totel pitching moment has a negative value, and the
requirement is met. '
If the geometry of the airplane is such that the weight
moment in the three-point attitude appears sufficiently
increased to overbalance the diving moment (which in the
three-point attitude is increased considerably because of the
airplane’s stability and the more potent ground effect), the

procedure may be repeated for this attitude.
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For an airplane with a tricycle landing gear, a similar
analysis may be made. In this case, however, the critical
angle of attack will be that determined by the three-wheel
ground angle, and the most forward center-of-gravity posi-
tion will be critical for a given airplane weight. Maximum
up-elevator deflection is required here rather than maximum
down-elevator deflection, and the requirement will be met if
the resultant pitching moment is greater than zero in a
positive direction.

Requirement (I-¥).—Limits of trim change due to power
and flaps. )

I—F— “With the airplane t{rimomed for zero stick force
at any given speed and using any combination of engine
power and flap setting, it should be possible to maintain the
given speed without exerting push or pull forces greater than
those listed below when the power and flap setting are varied
in any manner whatsoever.

a. Stick-type controls—35 pounds push or pull.
b. Wheel-type controls—50 pounds push or pull.”

I-F-2. “If the airplane cannot be trimmed at low speeds
with full use of the trimming device, the conditions specified
in item 1 should be met with the airplane trimmed full

tailbeavy.”
By comparison of the stick-force curves (fig. 2(b)) for the

various flap and power conditions the combination of flap-
setting and power changes that will cause the greatest changes
in trim can be determined. At any speed the difference in
forces required for the two extreme conditions at the same
trim setting should not exceed the specified limit.

Tor a complete investigation curves for different trim-tab
settings covering the range of settings required for trim in
the different flight conditions should be used. When reliable
curves for different tab settings are not available, the in-
vestigation should be restricted to the determination of
power and flap trim changes with trim tabs neutral. This
investigation may not reveal the most critical conditions,
however, because of the possible variation in trim-tab effec-
tiveness in different flight conditions.

The eritical center-of-gravity position for the trim changes
will in. most cases be the most forward position rather than
the most rearward position investigated for static stability.

Requirement (I-G).—Characteristics of the longitudinal
trimming device.

I-G-1. “The trimming device should be capable of reduc-
ing the elevator control force to zero in stea,dy ﬂlght in the
following conditions:

a. Cruising conditions—at any speed between high
speed and 120 percent of the minimum speed.

b. Landing condition—any speed between 120 per-
cent and 140 percent of the minimum speed.”

This item can be investigated for each condition by two
elevator-free curves similar to the curve showmn in figure 1.
The curve for maximum tailbeavy trim-~tab or stabilizer
setting and the curve for the maximum noseheavy setting
should intersect the Cp=0 line at two points which cover
the specified range of speeds.

If the trimming device is & small tab, the study may be
feasible only in large-scale investigations. It may be pos-
sible, however, to estimate tab effectiveness theoretically
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from previously accumulated data—for example, the dala
presented in reference 10 and in the various papers listed
therein as references.

I-G-2. “Unless changed menually, the trimming device
should retain a given setling indefinitely.”

Although the Ioad on the trimming device is, of course,
determingd by aerodynamic forces, this requirement (I-G-2)
is chiefly a problem involving the comstruction of the full-
seale meehanrism; its investigation in connection with wind-
tunnel models will ordinarily be of no valuo.

II. Requirements for Lateral Stability and Control

Requirement (II-A).—Characteristics of uncontrolled
lateral and directional motion.

TI-A-1. “The control-free lateral oscillation should al-
ways damp to one-half amplitude within two ¢yeles.”

II-A-2. “When the ailerons are deflected and released
quickly, they should return to their trim position. Any
oscillations of the ailerons themselves shall have disappeared
after one cycle.”

II-A-3. “When the rudder is deflected and released
quickly, it should return to its trim position. Any oscilla-
tion of the rudder itself shall have disappeared after one
cycle.”

In general, wind-tunnel study of this item, which is con-
cerned with the controlfree lateral oscﬂla.tlon and the oscil-
lations of the lateral control surfaces, is impracticable for
the reasons advanced in the discussion of unconirolled longi-
tudinel motion. As stated in reference 1, however, the
requirement for damping of the control{ree oscillation is
not considered critical as a design consideration; experience
to date has indicated that the uncontrolled lateral motion
will usually be satisfactory when other requirements of fin
area and dihedral are met.

Requirement (II-B).—Aileron-control
(rudder locked).

II-B-1. “At any given speced, the maximum rolling ve-
locity obtained by abrupt use of ailerons should vary
smoothly with the aileron deflection and should be approx-
imately proportional to the aileron deflection.”

Aileron data will be assumed to be available in the form
shown in figure 7. The aileron tests should be made for all
flap conditions; power-off runs will ordinarily be sufficient,
but the use of the power most commonly associated with
each flap condition would be desirable if convenient.

The information necessary for the study of this require-
ment can be obtained directly by inspection of the curves
of rolling moment against aileron deflection (fig. 7), which
should be smooth and approximately straight lines. For
standard-type ailerons, the aileron-control characteristics
should be most carefully considered in the high angle-of-
attack range. For unusual lateral-conirol devices, such as
spoilers, the low speeds may not be eritical, and equal atten-
tion should be paid to the moment curves at lower angles of

attack.
II-B-2. “The variation or rolling acceleration with

time following an abrupt control deflection should always
be in the correct direction ard should reach a maximum
value not Iater than 0.2 second after the controls have reached
their given deflection.”

characteristics
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This requirement, which is intended for spoilers or other
unusual lateral controls that may exhibit lag in the develop-
ment of the roiling moment or initial rolling tendencies in
the wrong direction, need not be given consideration in
tests of asirplanes equipped with the conventional type of

aileron.
If necessary, the time lag and the initial adverse rolling

moment associated with the action of a lateral-conirol device
can be measured in special wind-tunnel tests. Investiga-
tions of this nature are reported in reference 11.

IT-B-3. “The maximum rolling velocity obtained by use

of ailerons alone should be such that the helix angle gener-
ated by the wing tip, pd/2V, is equal to or greater than
007 . . . .7

The helix angle pb/21™ for the rolling velocity produced by
a given aileron deflection, the effects of sideslip being neg-
lected, is equal to C/Cy, where C; is the rolling-moment
coefficient resulting from aileron deflection. It may be
necessary to correct the value of (', determined from ref-
erence 12 for the section-lift~curve slope of the wing in ques-
tion. (1 ., multiply by Section-liftwcur\(’)eo ;éope per degree).
The rolling-moment coefficient used should represent the
maximum total rolling moment produced by both ailerons
at any one stick position. This position may not represent
the maximum deflection if the aileron effectiveness drops
off noticeably at high deflections.

Inasmuch as 0.07 has been set as an absolute minimum
value, eny fairing, extrapolation, or estimation necessary in
the analysis should be conservative rather than optimistic.
Velues of p5/21” computed from wind-tunnel data are likely
to be somewhat higher than full-scale flight values. Adverse
yaw at low speeds and wing twist and compressibility at high
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speeds are largely responsible for this discrepancy. Although
actual consideration of the losses in each case would be de-
sirable if practical, an arbitrary correction factor appears lo
offer the simplest means of arriving at valid flight values
through the use of tunnel data. Several recent attempts at
correlation made at the Langley Laboratory have indicated
that 0.8C;/Cy, may be used as a reasonable approximation
of the airplane pb/2V".

For example, if the sample airplane has & wing with an
aspect ratio of 6 and a taper ratio of 0.5, reference 12 gives
a value of 0.46 for C,. Figure 7 shows the total rolling-
moment coefficient for maximum aileron deflection (24° up,
20° down) to be 0.0214-0.026=0.047. The estimated air-
plane pb/27, then, is 0.8 (90'04—45)=0.082, 2 satisfactory value.
A curve of pb/2V" plotted against total aileron deflection is
shown in figure 8. The setting of each aileron for any total
deflection is obtained from a linkage curve (fig. 9). '

For combat-type airplanes, rolling velocity in degrees per
gecond at various speeds is often desirable as an expression
of the actual rolling maneuverability independent of span.

II-B—4. “The variation of aileron control force with
aileron. deflection should be a smooth curve. The force
should everywhere be great enough to return the control to
trim position.”

The aileron hinge-moment data of figure 7 can be used to
develop a curve of stick force against aileron deflection.
The 80-percent maximum-speed condition and one low-speed
condition should be investigated. The requirement that
the control force should everywhere be great enmough to
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return the control to trim position, aside from ruling out the
possibility of a reversal of forces, is not specific; but in this
case, as in that of item I-B-3, an arbitrary value might be
gob as & minimum slope of the curve of stick force against
aileron deflection for a given speed.

* From data for the appropriate lift- coefficient, the total
sileron force for an airplane rolling steadily can be com-

puted as
1
= '[ﬁb 4C _
50 V7bate! da,u do,% dCh, ]
Fo="73 l: (0"au (0% TA“)
(4)

where C’,.“u and Cha,, are the aileron hinge-moment coeflicients
at the given up and down deflections, and % and %ﬁ are
the slopes in degrees per foot of the curves of aileron deflec-
tion against stick travel for each aileron at the appropriate
deflection. A linkage curve of this nature is shown as fig-
ure 9. If the linkage curve is given in terms of angular stick

deflection ¢ the term %‘ should be replaced by % divided

by the stick length in feet.

The term Ae used in equation (4) is the change in effective
angle of attack of the downgoing wing. This term has a
positive value and can be found for a given pb/2V as

b114.8
ra=l5 —b—y
The length y is the spanwise distance from the fuselage
center line fo a point on the wing. The location of this
point varies with aileron shape and, to a certain extent,
with aspect ratio and taper. As indicated by the results of
unpublished investigations, however, it may be assumed for
most conventional ailerons to be at 10 percent of the aileron
span outboard of the inboard aileron tip. The value of

'Oha
da

g

angles of attack., Unless ‘%0_ varies considerably with aileron
: a

deflection, an average value may be used throughout the &,
range.

Figure 8 presents curves obtamed by application of this
method to the sample airplane (6=38.75, y=13.4, b,=9.88,

€,=1.09).

II-B-5. “At every speed below 80 percent of maximum
level-flight speed, it should be possible to obtain the specified
value of pb/2V “'nhout exceeding the following control-force
limits:

a. Wheel-type controls:
of wheel.

b. Stick-type controls: 30 pounds applied at grip
of stick.”

#+80 pounds applied at rim

The stick force for the réquired pb/2V, as-determimed from -

figure 8, should not exceed the given limits. In the present
example, figure 8 shows the force at 2—%?=0.07 to be

39.9 pounds for the high-speed (80 percent maximum speed)
condition.
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Requirement (II-C).—Yaw due to ailerons.

“With the rudder locked at 110 percent of the minimurm
speed, the sideslip developed as & result of full aileron
deflection should not exceed 20°.”

Because the amount of sideslip developed in a full aileron
roll depends largely upon dynamic factors, it has noi yet
been found practicable to estimate the sideslip simply on the
basis of static tunnel test data. The complele solution
involves the use of standard dyvnamic-stability equalions
similar to those discussed in reference 6. With the aid of
certein simplifying assumptions, however, it is possible (o
set up a general expression for the sideslip as a function of
time

B=>57.3[k1+k; cos pt+k; sin pt
—ett (k, cos Bi+k; sin Bt)] (5)

The angle of sideslip can then be computed by substitution
in the formula for several velues of time. The maximum
sideslip should not exceed 20°. An explanation of the con-
stants and a more complete discussion of the problem and
its solution are given in the appendix.

Tunnel data necessary for the investigation of the require-
ment include aileron curves for the low-speed econdition
{figs. 7 and 8) and yaw curves similar to those of figure 10
for high and low power conditions, flaps both extended and
retracted, at the lift coefficient corresponding as closely as
possible to 110 percent of the minimum speed in cach case.
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From the aileron curves, the aileron yawing-moment coeffi-
cient 0,, and the helix angle pb/2V for the maximum aileron
deflection, can be found. These values and the directional-
stability data obtained from the yaw curves are used in the
determination of the constants in equation (5).

Requirement (II-D).—Limits of rolling moment due to
sideslip (dihedral effect).

II-D-1. “The rolling moment due to sideslip as measured
by the variation of aileron deflection with angle of sideslip

should vary smoothly and progressively with angle of side-.

slip and should everywhere be of a sign such that the aileron
is always required to depress the leading wing as the sideslip
is increased.”

Rolling-moment coefficients can be obtained directly in
yaw tests of the model with neutral ailerons. - Curves of C;
against B (fig. 10), drawn for idling, cruising, and high
powers, should be smooth and should possess negative slopes
throughout, indicating positive dihedral effect. The range
of sideslip angles included in the tests should extend at least
10° beyond the angle at which maximum rudder deflection
will give trim in yaw. o _ _

II-D-2. “The variation of aileron stick force with angle
of sideslip should everywhere tend to return the aileron
control to its neutral or trim position when released.”

This requirement may be investigated by a study of the
stick-free effective dihedral, in a manner similar to that used
in the study of stick-free stability in item I-B-2.

For each of several combinations of left and right aileron
deflections determined by the known aileron linkage, flap-up
and flap-down yaw tests should be made. If practicable
(that is, if the rudder is equipped with remote confrol), the
rudder should be set as closely as possible for trim in yaw
at each point.

Curves of hinge-moment and rolling-moment coefficient
against angle of sideslip (as in fig. 10) can be drawn for
various total aileron deflections. - The hinge-moment coeffi-
cient should be the total aileron hinge-moment coefficient
0;;,“ d—;i";+ Ch, " %6—;": where the slope % is that measured at
the appropriate up or down sileron setting.

The zero hinge-moment points can be spotted on the O,
cwves in the same manner as the zero elevator hinge-
moment points were spotted on the (), curves in figure 1.
The resulting curve will be a measure of the stick-free
effective dihedral, which should be positive in order to
satisfy the requirement. _

JI-D-3. ‘“The rolling moment due to sideslip should
never be so great that a reversal of rolling velocity occurs
as a result of yaw due to ailerons (rudder locked).”

Although this requirement actueally demands a theoretical
study similar to that of the yaw due to aileron deflection,
a simple check of tunnel data may be made which should
give adequate indication of the ability of the airplane to
meet the requirement. The check should reveal that the
rolling-moment coefficient at the angle of sideslip developed
with full aileron deflection and neutral rudder (determined
in item (II-C)) is always considerably less than the rolling-
moment coefficient contributed by the full sileron deflection
at zero yaw.
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Requirement (II-E).—Ruddcr-control characteristics.

II-E-1. “The rudder control should everywhere be suffi-
ciently powerful to overcome the sadverse aileron yawing
moment.”

The total adverse yawing-moment coeflicient (C’,, duo to

aileron plus Cy, %by) developed with maximum aileron deflee-

tion in the 110-percent minimum-speed condition, as pre-
viously determined for item (II-C), should always De less
than the yawing-moment coefficient at zero yaw contributed
by maximum opposite rudder deflection.

II-E—2. ‘“The rudder control should be sufficienily power-
ful to maintain directional control during take-ofl and
landing.”

The problem of rudder control near the ground will ordi-
narily be most critical on the take-off at the high-power
low-speed condition. In this attitude (with the flaps set to
the prescribed angle for take-off} the rudder deflection necos-
sary for C,=0 and Cy=0is found. This required deflection
should not approach too closely the maximum availablo
travel.

In figure 10, for example, the airplanc shows simultancous
trim in yaw and lateral force with 15° right rudder deflection
at 8.5° left sideslip. This amount of sideslip is normal in
the take-off of 2 highly powered single-engine airplane.

Although ground effect as related to this requirement may
merit further study, the information available at present
appears to indicate that the requirement may be investigated
with sufficient accuracy with no ground representation.

II-E-3. “On airplanes with two or more engines, the
rudder control should be sufficiently powerful to provide
equilibrium of yawing moments at zero sideslip at all specds
above 110 percent of the minimum take-off speed with any
one engine inoperative (propeller in low pitch) and the other
engine or engines developing full rated power.”

For the specified power conditions, flaps in take-off position,
curves of Cy and (), similar to those of figure 10 should be
drawn for different rudder deflections at the 110-percent
minimum-speed attitude. Yawing moment should ecqual
zero at a rudder deflection well within the limits of travel.

The “inoperative’” engine should he the one the failure of
which would cause the maximum asymmeiry of thrust.
It should be run at windmilling rather than at idling power.
Reference 13 may be used as an aid in setiing up test condi-
tions to simulate the action of a dead engine being turned
by a propeller.

II-E—4. “The rudder control in conjunction with the
other controls of the airplane should provide the required
spin-recovery characteristics.”

Examination of this quality by means of usual wind-
tunnel programs is not feasible.

II-E~5. “Right rudder force should always be required
to hold right rudder deflections, and left rudder force should
always be required to hold left rudder deflections.”

This requirement may be considered satisfactorily met if
a curve of C, against 8 for 'y, = 0 (as shown spotted on fig. 10)
shows & reversal in the sign of C, only whero it posscsses
a positive slope. Although a stable slope of this curve would
be desirable throughout the sideslip range, il is not considered
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absolutely essential provided the curve does not cross the
zero ordinate at any point at which its slope indicates
instability.

In the event that large trim-tab deflections appear neces-
sary for reduction of pedal forces in straight flight, the pos-
sibility of @ force reversal with the required tab setting
should be considered.

II-E-6. “The rudder forces required to meet the above
rudder-control requirements should not exceed 180 pounds
(trim. tabs neutral).”

The highest pedel force computed from the rudder hinge-
moment coefficients associated with the deflections necessary
to meet the foregoing rudder-control requirements should be
less than 180 pounds.

Requirement (II-F)—Yawing moment due to mdeshp
(directional stability).

II-F-1. “The yawing moments due to sideslip (rudder
fixed) should be sufficient to restrict the yaw due to silerons
to the limits specified in requirement (I1-C-1).”

This item is included in consideration of requirement
d1-C).

IT-F-2. “The yawing ‘moment due to sideslip should be
such that the rudder always moves in the correct direction;
i. e., right rudder should be required for left sideslip and left
rudder should be required for right sideslip. For angles of
sideslip between +15°, the angle of sideslip should be sub-
stantially proportional to the rudder deflection.”

A curve of 5, ageinst § can be plotted for (', = 0 (fig. 11),
supplying the necessary information for both portions of this
requirement. The words “left”” and “right” should be inter-
preted as being relative to the normal trim point, inasmuch as
rudder-neutral irim may not occur at zero sideslip in some
power conditions.

In order that the curve of &, agamst. B may be more truly
representative of the variation in actual flight, a correction
to the rudder deflection should be made for the yawing
moment associated with the aileron sefting required for
balance at each angle of sideslip.

IT-F-3. “The yawing moment due to sideslip (rudder free)
should be such that the airplane will always tend to return fo
zero sideslip regardless of the angle of sideslip to which it hes
been forced.”
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FIGTRE 11.— Varistion of trim rudder deflection with angle of stdeslip.
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The rudder-free curves drawn for item II-E-5 (fig. 10)
supply the necessary information for this requirement. As
already mentioned, a stable slope is not demanded at every
angle of sideslip; but the signs of the yawing-moment coeffi-
cient must not reverse in an unstable direction.

In tests of wind-tunnel models in yaw, data should be
considered for sideslip angles extending at least as far as 10°
or 15° beyond the angle at which the maximum rudder deflec-
tion will provide trim because an airplane may be forced
accidentally to angles of this magnitude.
of the curves at greater angles of sideslip are of no concern in
flight, inasmuch as the angles represent attitudes impossible
for the airplane to attain. -

A considerable amount of testing and computing time may
be saved by eliminating test points at high positive sideslip
angles with large amounts of right rudder deflections, and at
high negative angles with large left rudder deflections.

IT-F—4. “The yawing moment due to sideslip (rudder free
with airplane trimmed for straight flight on symmetrie power)
should be such that straight flight can be maintained by side-
slipping at every speed above 140 percent of the minimum
speed with rudder free with ettreme asymmetry of power
possible by the loss of one engine.”

A yaw test in the 140-percent minimum-speed att 1tude with
the rudder free to float seems to be the most direct approach
to the study of this requirement. With the rudder trim tab
set for straight flight on symmetric power, the model should
be operated with all motors simulsting full rated power ex-
cept the one, failure of which would result in the greatest
gssymmetry of power. This outboard engine should simulate
the windmilling condition.

Typical curves of yawing-moment and rolling-moment
coefficients measured in the rudder-free yaw run are shown
in figure 12. From aileron curves similar to those of figure 7,
the total aileron deflection required to balance the rolling
moment at each angle of sideslip and the yawing-moment

coefficient C,  associated with the total deflection can be

found. A curve of —(,, is then superposed on the C, curve
of figure 12. In order for the requirement to be met, the
(. curve must cross the (",=0 axis and the curves of C,
and —C,_ must intersect.

Requirement (IT-G).—Cross-wind force characteristics.

“The variation of cross-wind force with sideslip angle, as
measured in steady sideslips, should everywhere be such
that rlg-ht bank a.ccompames right sideslip ancl left bank
accompanies left sideslip.”

Inspection of the yaw curves should show that the slope of
the curve of Oy against 8isnegative, asisindicated in figure 10.

Requirement (II-H).—Pitching moment due to sideslip.

“As measured in steady sideslip, the pitching moment due
to sideslip should be such that not more than 1° elevator
movement isrequired to maintain longitudinal trim at110 per-
cent of the minimum speed when the rudder is moved 5° right
or left from its [original] position for straight fight.”

At the lift coefficient corresponding to 110 percent of the
minimum speed, the trim rudder deflection for each power
condition can be found as in item II-E-2. For a rudder
deflection first 5° to the left and then 5° to the right of the
trim setting, and at the angle of sideslip for (',=0 in each

The characteristics .
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case, the pitching-moment coefficient should not be suffi-
ciently different from the pitching-moment coeflicient at the
trim point to account for a difference of more than 1° elevator
deflection. The angles of sideslip involved are relatively
small; it appears, therefore, that the use of elevator effec-
tiveness data for unyawed flight (fig. 1, for example) is
justified.

Requirement (II-I).—Power of rudder and aileron trim-
ming devices.

IT-I-1. “Aileron and rudder trimming devices should be
provided if the rudder or aileron forces required for straight
flight at any speed between 120 percent of the minimum
speed and the maximum speed exceed 10 percent of the
meaximum values specified in requirements (FI-B-5) and

(II-E—6), respectively, and unless these forces at cruising

speed are substantially zero.”

The rudder hinge-moment coefficients for straight flight at
the specified speeds are obtained from yaw curves (fig. 10),
the method of item II-E-2 being used for the determination
of straight-flight conditions. The rolling-moment ecoeffi-
cient for each straight-flight attitude appears on the same
curves. 'The aileron settings required for frim in roll and
the hinge-moment coefficients for theso deflections are
determined from aileron curves (fig. 7).

If the difference between the maximum and minimum
forces computed from the aileron hinge-moment data exceeds
8 pounds at the rim of & wheel or 3 pounds at the grip of a
stick, the provision of an aileron trimming mechanism
should be recommended. A similar recommendation should
be made for a rudder trimming device if the difference be-
tween the maximum and minimum rudder forces exceeds
18 pounds. If the forces at the cruising condition are not
substantially zero but-the variations fall within the desired
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limits, the trim can be changed by rigging and tabs need not

be recommended.

TI-T-2. “Multiengine airplanes should possess rudder and
aileron trimming devices sufficiently powerful, in addition,
to trim for straight flight at speeds in excess of 140 percent
of the minimum speed with maximum asymmetry of cngine
power.”

It is presumed that if aileron tabs are supplied for tho
model, data will be obtained in some form permitting con-
struction of curves similar to those shown in figure 18. For
this requirement, as for requirement II-D-2, the hinge-
moment and. rolling-moment cocfficients are for the com-
bined settings of both ailerons; these aileron data need not
be obtained with the specified asymmetric power, unless the
configuration is such that the ailerons and tabs may be in-
fluenced significantly by engine operation.

The rolling-moment coefficient due Lo asymmetric power
0, can be measured in the straighti-flight attitude repre-
senting 140 percent of the minimum spccd with the model
motors representmg the condition of maximum asymmetry
of power. For this measurement, the rudder should be set
to provide approximately C,=0. A {ab setting within the
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limits of travel should provide zero hinge-moment at an
aileron deflection required to balance this amount of rolling.
On figure 13, for example, & tab angle of approximately 10°
meets the requirement.

A similar procedure can be used for the rudder. It might
be desirable, if feasible, to study the requirement in & more
direct manner by making straight-flight measurements of
rolling-moment and yawing-moment coefficients at various
teb settings with rudder and properly linked ailerons free
to float. The requirement would then be met if C, and C;
were found to equal zero at points within the limits of tab
travel.

Because the study of this item depends on the action of
small tabs, the investigation of this requirement will probably
be advisable only on models of fairly large scale.

II-1-3. “Unless changed manuslly, the trimming device
should retsin a given setting indefinitely.”

This item does not appear suited for normal wind-tunnel
investigation.

III. Stalling characteristics

III-1. “The approach of the complete stall should make
itself unmistakably evident through any or all of the follow-
ing conditions:

a. The instability due to stalling should develop in &
gradual but unmistakable manner.”

Tuft studies appear to be mandatory in connection with
this phase of the investigation and with the stalling problem
in general. Information concerning the flow phenomensa and
hence, to some extent, the behavior of the airplane at the
stall can be acquired from observations of the action of
tufts on the model as the angle of attack is increased until
the complete stell is reached. The development of insta-
bility is usually gradual when stalling appears first at the
wing roots and spreads gradually forward and outward in
such & manner that the flow over the ailerons is the Jast
to become disturbed.

b. “The elevator pull force and rearward travel of the
control column should markedly increase.”’

The curve of elevator stick force against airspeed (fig. 2 (b))
and the curve of elevator deflection against lift coefficient
(fig. 2 (a)) should each show a marked increase in slope as the
stalling speed is approached.

¢. “Buffeting and shaking of the airplane and controls
produced either by a gradual breakdown of flow or
through the action of some mechanical warning device
should provide unmistakable warning before insta-
bility develops.”

This item is best studied in the wind tunnel through the
tuft observations. Tuft behavior, for example, that indi-
cates an initial flow breakdown near the wing center section
and, consequently, turbulence in the flow over the tail, is
usually an indication that tail buffeting will be present. If
a mechanicel stall-warning device is intended for use on the
airplane, the angle of attack af which the instrument gives
its warning should be appreciably lower than the angle at
which the tunnel results indicate thaf instability will develop.
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II1-2. “After the complete stall has developed, it should
be possible to recover promptly by normal use of controls.”
Mechanical difficulties and the present lack of correlative

. data tend to diminish the value of any quantitative tunnel

measurements beyond the stall. However, the tendencies
suggested by measurements of pitching moment through the
stall may be of some use in consideration of this requirement;
that is, the direction and sharpness of pitching-moment
breaks at and beyond the stall, and the apparent degree of
control effectiveness beyond the stall, should bear & direct
relationship to the possibility of recovery from stalled flight.
Further investigation may be required as to the nature and
consistency of this relationship.

II1-3. “The three-point landing attitude of the airplane
should be such that rolling or yawing moments due to
stalling, not easily checked by controls, should not oceur in
landing, either three-point or with tail-first attitude 2°
greater than that for three-point contact.”

The angle of attack corresponding to the three-point
ground angle of the airplane can be determined from drawings
of the complete airplane. The angle of attack at which tuft

studies indicate bad stelling in the flap-down, idling-power

condition should be more than 2° greater than the ground
angle. _
CONCLUDING REMARES

An attempt has been made in the present paper to present
methods of analysis of wind-tunnel tests in terms of flying
qualities of airplanes.
presented in an effort to demonstrate the practicability of
this type of analysis and also to stimulate interest and
discussion among design and test persommnel. It is hoped
that with the cooperation of interested groups, the present
methods will be extended, improved, refined, and—most
important—proved by application and correlation.

In the present rather general treatment of the subject, it
has naturally been impossible to cover unususl cases that
may require special treatment. If, for example, an airplane
is known to be provided with some mechanical device that
influences the control forces in certain meaneuvers although
the measured items in the wind tunnel show no effect, this
device should be considered in the study of the relevant
requirements. In short, every effort should be made to
regard the subject of the investigation as an actual flying
airplane and not as & sceled-up reproduction of & model.

In conclusion, it is believed that wind-tunnel tests of
powered models can, if properly analyzed, be used to examine
the flying qualities of airplanes and to determine the extent
to which any particular sirplane will satisfy requirements for
satisfactory stability, control, and handling characteristics
in flight. It is recommended that this type of ‘testing,
analysis, and presentation of data be generally employed in
wind tunnels engaged in testing airplane models for stability
and control. '

LanerLey MEMORIAL AERONAUTICAL LABORATORY,
NaTionaL ApvisorY COMMITTEE FOR AERONAUTICS,
Lancrey FiELD, VA., April 1, 1948.

The suggested methods have been



APPENDIX
SIDESLIP IN AILERON MANEUVERS

SYMBOLS AND DEFINITIONS

The following terms, in addition to those previously
defined, are used in the computation of the sideslip angle:

Cr, yawing-moment coefficient due to yawing
an
d ’—)
G
r yvawing veloeity, radians per second
kz radius of gyration about Z-axis, feet
{mkz?=Yawing moment of inertia)
) angle of bank, radians

Nj and N, lateral-stability derivatives in terms of unit
moment of inertia of airplane

The value of C,, for the appropriate angle of attack is
found by ‘the use of reference 12. Reference 14 may be
used for the estimation of C,,.

SIDESLIP FORMULA

As stated in item (II-C), the angle of sideslip developed .

by a conventional airplane in a rudder-fixed aileron roll may
be expressed as

=873 [ki+ky cos pt+k; sin pt—e** (ky cos Bi+kj sin Bf)]

(5)
where
O, FtCn,
=30
57.3 Wj

b= 2 [(Ng—2") — N ]

2 [( B_PS)E'!‘P rS]
k '_'ngNﬂ

P VI(Ve—pD 0N
k4=k1+k2

= fey— Ak,

After the constants have been evaluated, the sideslip angle
may be determined for any value of time by substitution in
equation (5). This substitution should be made for half-
second or smaller intervals covering a range of time sufficient,
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to allow the airplane to reach an angle of bank of 90° (or less
in the case of an extremely large airplane).

DISCUSSION

The angles of bank reached in a full-aileron roll are far too
large to permit the use of the usual assumption that ¢ =sin ¢.
The customary solution must therefore be further complicated
by the introduction of the sine of the angle in the equations
of motion.

The expression presented herein offers a somewhat
simplified solution but suffers & corresponding loss in ac-
curacy. The greatest possible source of error les in the
fact that the derivation assumes the airplane to be rolling
at a steady rate. The error introduced by negleet of the
small initial period of acceleration is not believed to be
serious. If, however, the assumption is applied to an air-
plane with pronounced spiral instability, it may be con-
siderably in error after several seconds.because the rolling
velocity of the airplane would be increasing rather than
remaining constant. Although the error in the ussumed
rolling velocity would lead to erroncous values of computed
sideslip angles (indicating a peak rather than an ever-
increasing sideslip), it is believed that, for conventional
airplanes with reasonably effective ailerons, the brevity of
the maneuver will permit the use of this method with reason-
able accuracy.

The probable inaccuracy introduced by nonlinearity of the
yawing-moment curves can be minimized by selection of an

average value of % over a range, for example, of 10° to —10°

of sideslip. Ordinarily, an airplane that meets requirement
IT-F-2-will exhibit yaw curves sufficiently linear to permit
the use of this method with reasonable aceuracy. If the
curves are considerably nonlinear over the range of 15° to
—15° of sideslip, the use of constant slopes may result in
appreciable error, either by this method or by more rigorous
conventional solution of the complete equations. In that
event, & more exact solution could, if desired, be obtained
through the use of a step-by-step procedure such as that
described in reference 15.

The effect of the lateral-force derivative, which is relatively
small, is neglected. The equations upon which the solution
is based are

df_gsin ¢
dt

BN+ rN+ N,

where
No=f, 52 (On F+ Ou)
$=pt

and P is expressed in radians.
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The equations may be combined and expressed as

a: it N, .
-(E‘E—N,d—f+BNp=% cos pt_—gV sin pt— Ny

The solution for g then becomes

— Y2 i
A= T 7 O F g9 (M) 03 p1—p (M) sin. ]

+ V(a4 %rr( M+ p’)[@z— Mg} sin pi—p (M+Ne) cos pi]

N £ ri
—E—A‘;-l- Cie+Cyet (6)

where A, and A; are roots of the equation

&8 .. dB _
e NTF{—‘—BNB—O
or
N JVN2—4N;
Rl: )\2= 2

and C; and (; are constants determined from the knowledge
that 8 and ;Lf are both equel to zero when ¢=0. The eque-
tion (6) for sideslip may be used for any distinet values of
M and Ap other than zero. For a conventional airplane with
even slightly better than neutral directional stability, how-
ever, the term N,2—4N; will be negative, and the roots will
take the form A4+ Bi. Substitution of these roots for A\
and M\ results in the expression '

Brogtans=k11-k; cos pt+k; sin pt
—e*(k; cos Btk sin Bi)

It should be noted, then, that if the term N2—4N; is
positive, the intermediate expression involving A; and X;
must be used instead of the final expression given in item
(IT-C) in terms of A and B.

$43107—50——3%
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